Developing some methods that can simply and effectively detect mercury ions (Hg 2+ ) in the environment and biological systems are very important due to the problems of high toxicity and biological accumulation. Herein, we report a simple rhodol-derived colorimetric and fluorescent probe rhodol-Hg with a recognition receptor of carbonothioate for the specific determination of Hg 2+ . The color of probe rhodol-Hg solution changed remarkably from colorless to pink in the presence of Hg 2+ , thus rhodol-Hg could act as a "naked-eye" probe for Hg
Introduction
Mercury (Hg) is a highly toxic heavy metal that can threaten human health and environmental safety. 1, 2 Once inorganic mercury ions are introduced into the environment, bacteria can convert them into organic mercury species (such as methyl mercury). [3] [4] [5] It can easily pass through biological membranes and cause damage to the brain, liver, kidney, immune and central nervous system based on its high affinity to the thiol group in proteins and enzymes. [6] [7] [8] [9] [10] Therefore, developing effective and sensitive techniques to selectively detect Hg 2+ is of great significance in the environmental science and biological science.
Various methods have already been reported for the detection of Hg 2+ , and the fluorescent probe might be the most attractive technique because of its excellent sensitivity, operational simplicity, high spatiotemporal resolution and non-invasiveness in living systems. [11] [12] [13] [14] To date, various fluorescent probes have been developed for the sensitive detection of Hg 2+ , including polymer particles, small organic molecules and quantum dots (QDs). 15 Most of the reported small organic fluorescent probes for Hg 2+ are based on different fluorophores such as coumarin, phthalimide, BODIPY, anthracene, fluorescein, and rhodamine. [16] [17] [18] [19] [20] [21] However, most of them suffered from low sensitivity, poor selectivity, bad water-solubility, short excitation/ emission wavelength, lower molar extinction coefficient, and unsuitability for applications related to environmental and biological systems. 22, 23 Therefore, there is an urgent need to construct highly efficient and sensitive fluorescent probes for detecting Hg 2+ in the environment and living cells. Herein we exploited a simple rhodol-based colorimetric and fluorescent probe (Scheme 1, rhodol-Hg) containing a recognition receptor of carbonothioate for Hg 2+ . In probe rhodol-Hg, we chose rhodol dye (a hybrid structure of rhodamine and fluorescein) as a fluorophore for its excellent photophysical properties including large molar extinction coefficient, high quantum yields, desirable excitation/emission wavelength, and good photostability. 24, 25 Additionally, the Hg 2+ -promoted specific reaction is a key to developing highly selective fluorescent probe for Hg 2+ . In consideration of the high affinity of sulfide moiety to Hg 2+ , we hypothesized that the carbonothioate group containing a self-immolative spacer of carbonate might be a preferred recognition receptor of Hg 2+ . As expected, compared with some other probes (Table 1) , our proposed fluorescent probe rhodol-Hg has the advantages of (1) high selectivity, (2) excellent sensitivity (LOD = 1.4 nM), (3) nakedeye detection, (4) turn-on fluorescence determination, (5) good water-solubility and (6) practicability in the environment and living cells. Therefore, our proposed probe rhodol-Hg could provide an effective analytical method for the detection of Hg 2+ .
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Experimental
Materials and methods
In this work, most chemicals were supplied by commercial suppliers and did not need further purification. A Bruker AV-400 spectrometer was used to record 1 H NMR and 13 C NMR (analytes dissolved in CDCl3 and TMS as internal standard). An LC-MS 2010A (Shimadzu) instrument was used to measure electrospray ionization (ESI) mass spectra. UV-vis absorption spectra were obtained from a PE-Lambda 35 UV-vis spectrophotometer. Fluorescence spectra were recorded on a Horiba FluoroMax-4 spectrophotometer. The pH was measured with Sartorius basic pH-meter PHS-3C.
Synthesis of probe rhodol-Hg
Rhodol (500 mg, 1.3 mmol) and phenyl chlorothionocarbonate (447 mg, 2.6 mmol) were dissolved in CH2Cl2 (15 mL), then N,N-diisopropylethylamine (DIPEA) (500 mg, 3.9 mmol) was added, and the mixture was stirred at room temperature for about 4 h. When the reaction was complete, the crude product was purified by chromatographic column (CH2Cl2-CH3OH as eluent) to obtain probe rhodol-Hg as a brown solid (249 mg, 37%). 
General procedure for analysis
After a series of preliminary experiments, the final test conditions of probe rhodol-Hg were in PBS (5 mM, pH 7.4) aqueous solution and measured at 25 C. The fluorescence intensities/spectra were obtained by λex/λem = 480/548 nm and 3 nm of slit. All measurements were made after analytes addition 30 min. Based on the above conditions, the properties of probe rhodol-Hg can be investigated in detail.
Cell culture and fluorescence imaging
In the Dulbecco's Modified Eagle's Medium (DMEM), RAW 264.7 macrophage cells were cultured at 37 C under a humid atmosphere containing 5% CO2. DMEM contained 10% heatinactivated fetal bovine serum (FBS), and was supplemented with 100 U/mL of penicillin and 100 μg/mL streptomycin. RAW 264.7 macrophage cells were seeded in a 96-well plate in culture media and the density was 10 4 cells per well. After 24 h, they were incubated with 10 μM rhodol-Hg for 20 min at 37 C. Then the culture media was removed and the cells were carefully washed utilizing PBS for several times. After that, the fluorescence imaging cells were observed under a Nikon Cl Si confocal and multi-photo system (confocal excitation: a diode laser at 488 nm, the collecting channel was set at 560 ± 30 nm). Finally, the living RAW 264.7 macrophage cells were incubated in the presence of Hg 2+ (5 μM) for another 30 min. The fluorescence imaging of RAW 264.7 macrophage cells was carried out again.
Cytotoxicity assays
In the condition of 5% CO2 and 95% air, RAW 264.7 macrophage cells were cultured in DMEM at 37 C. The cells were seeded into 96-well plates in culture media and the density was 3 × 10 3 cells per well. Then rhodol-Hg (final concentrations 0, 10, 20 and 30 μM) was added to the culture media. After that, the cells were incubated in the above mentioned conditions for 24 h. Finally, 20 μL MTT (5 mg/mL) was added and cultured respectively for another 4 h.
Results and Discussion
Absorption spectra
The UV-vis absorption spectra of probe rhodol-Hg toward Hg 2+ were measured under aqueous solution (5 mM PBS pH 7.4). From Fig. 1a , the free probe rhodol-Hg has no obvious absorption peak. With the increase of the concentration of Hg 2+ in probe solution, the absorbance exhibited gradual enhancement at 525 nm. At the same time, the color of the solution changed gradually from colorless to pink (Fig. 1b) . Obviously, the results implied that Hg 2+ could promote the split of carbonothioate moiety (Scheme 2) and probe rhodol-Hg could act as a colorimetric probe for the detection of Hg
2+
. In addition, when Hg 2+ (0.25 μM) was added to the probe solution, there were obvious color changes. Therefore, probe rhodol-Hg is sensitive enough as a "naked-eye" probe.
Quantification of Hg
2+
With the addition of the Hg 2+ into the solution of probe rhodolHg, as expected, the incremental concentrations of Hg 2+ (from 0 to 0.8 μM) resulted in the remarkable enhancement at 548 nm (Fig. 2) . As shown in Fig. 2 , there was a good linearity in the range of 0 to 0.8 μM and the limit of detection (LOD) of Hg 2+ is 1.4 nM (based on 3σ/slope). The Environmental Protection Agency (EPA) has set a 2 ppb (10 nM) maximum tolerable level of mercury contamination in drinking water. 32, 33 Therefore, probe rhodol-Hg can meet the requirement of detecting mercury species in drinking water. This allowed the determination of Hg 2+ by a turn-on fluorescence method with ultrasensitivity.
Selectivity to Hg
2+
High selectivity is an important feature of the probe for the analyte over the other competitive species. Therefore, we gave a specific method to detect the selectivity of probe rhodol-Hg -and F -, were investigated on fluorescence spectra of probe rhodol-Hg. As shown in Fig. 3a , Hg 2+ promoted fluorescence intensity enhancement, while other competitive ions did not exhibit significant changes under identical conditions. To further prove that other ions had no obvious interference to the detection of Hg
, the fluorescence intensity of probe rhodol-Hg toward Hg 2+ in the presence of other analytes was studied at 548 nm (Fig. 3b) . Obviously, fluorescence response values were little changed. All these indicated that probe rhodol-Hg possesses high selectivity toward Hg 2+ and was not influenced by the other competitive ions.
Effect of pH
In order to apply this probe in the complicated environment and organism, the fluorescence spectra of probe rhodol-Hg were investigated under the different pH buffers in the absence and presence of Hg 2+ . Probe rhodol-Hg could detect Hg 2+ in the range of pH from 6.0 to 9.0 (Fig. 4) , because probe rhodol-Hg with Hg 2+ in this region could induce the considerable turn-on fluorescence, whereas probe rhodol-Hg without Hg 2+ did not lead to such a change. This property suggested that probe rhodol-Hg could monitor Hg 2+ under approximate environment and physiological conditions, although the sensitivity decreased in acidic conditions.
Analytical application in real water sample
Based on the above discussion on the property of rhodol-Hg, its practical application for the selective detection of Hg 2+ was investigated in four real water samples, and the data are exhibited in Table 2 . The good recoveries of these samples proved the accuracy of the proposed method for the determination of Hg
2+
. The results further demonstrated the availability of our proposed probe for the effective detection of Hg 2+ .
Bioimaging application and cytotoxicity
In order to test the property of rhodol-Hg to image Hg 2+ in living cells, this experiment applied rhodol-Hg to RAW 264.7 macrophage cells. Obviously, the negligible intracellular fluorescence of these cells incubated with rhodol-Hg (10 μM) for 20 min was observed (Fig. 5a ). As anticipated, with the addition of 5 μM Hg 2+ to these cells, the intracellular fluorescence has remarkable enhancement after 30 min incubation (Fig. 5b) . These results proved that rhodol-Hg was cell-permeable and has the capability of imaging in living cells toward Hg 2+ (Fig. 5) . Furthermore, to assess cytotoxicity of rhodol-Hg, we accomplished 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assays in RAW 264.7 macrophage cells with 10, 20, and 30 μM rhodol-Hg for 24 h. As shown in Fig. 6 , the viabilities of cells were over 90%, suggesting that under the experimental conditions rhodol-Hg exhibited low toxicity to cultured cells.
Mechanism of probe rhodol-Hg in sensing Hg
2+
To further disclose the sensing mechanism of rhodol-Hg toward Hg 2+ , the reaction of rhodol-Hg with Hg 2+ was conducted. The resultants were purified and analyzed using electrospray ionization mass spectral analysis. The peak emerged at m/z 386 [M-H] -, which represented the formation of rhodol dye. Therefore, combined with the reported papers, 34 rhodol-Hg most probably experienced the assumed mechanism (Scheme 2). Sample: (A) lake water from Jia Zi Lake, University of Jinan; (B) from the Yellow River in Jinan, China; (C) lake water from upstream of Xiu Jiang Lake in Jinan, China; (D) lake water from the lower reaches of Xiu Jiang Lake in Jinan, China. 
Conclusions
In summary, a simple colorimetric and fluorescent probe rhodol-Hg has been developed in consideration of mercury's thiophilicity, which is highly effective for the ultrasensitive detection of Hg
2+
. This probe exhibited excellent selectivity toward Hg 2+ in the presence of other various analytes, which might be attributed to the receptor of carbonothioate moiety. Probe rhodol-Hg could act as a "naked-eye" indicator for Hg 2+ with desirable sensitivity (the limit of detection is about 0.25 μM), and thus it would provide an easy and convenient way for monitoring Hg 2+ in the environment. Additionally, probe rhodol-Hg showed good cell-permeability and low cytotoxicity. It has been successfully used for the detection of Hg 2+ in environmental waters and in living RAW 264.7 macrophage cells. This result implies that probe rhodol-Hg would be beneficial to investigate the detailed cytotoxicity of mercury species in biological systems. Moreover the simplicity of the design and synthesis of probe rhodol-Hg is also commendable. Finally, we highlight its outstanding properties, such as ultrasensitivity, high selectivity, turn-on fluorescence determination, naked-eye detection, good water-solubility, low cytotoxicity and bioimaging in living cells.
